Abstract: A microstructural investigation of stishovite-bearing quartzite from the Vredefort meteorite impact site in South Africa reveals features that are attributed to shock deformation. These include abundant mechanically induced Dauphiné twinning, rhombohedral deformation lamellae and associated residual stresses. Mechanical twins were identified with SEM-EBSD. Residual stresses are derived from equivalent strains that are observed on Laue diffraction images measured with microfocused synchrotron Xrays. Average lattice strains of 1400 microstrains in Vredefort quartz are much higher compared to values (500) found in quartz from granite samples subject to only regional metamorphism. While the granitic quartz shows mainly normal compressive and tensile residual stresses, in Vredefort quartz, shear stresses associated with lamellar boundaries dominate.
Introduction
Shock-induced phenomena in quartz have long been the subject of detailed investigations. They include documentation of phase transformations of quartz to high-pressure polymorphs coesite and stishovite (Chao et al., 1960 (Chao et al., , 1962 , deformation lamellae (Engelhardt & Bertsch, 1969; Goltrant et al., 1991 Goltrant et al., , 1992 and observations of mechanical twins, both according to the Brazil law (McLaren et al., 1967) and the Dauphiné law (Trepmann & Spray, 2005; Trepmann, 2008) . In a previous study of quartzite from the Vredefort crater in South Africa, we observed preferred orientation patterns that could be interpreted as a result of twinning and could thus serve as a paleopiezometer (Wenk et al., 2005) . No actual twins were observed. We have now returned to the same sample to use scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) to explore Dauphiné twinning and to use a newly emerging technique of synchrotron microfocus X-ray Laue diffraction to explore residual stress in shocked quartz (Tamura et al., 2002 Kunz et al., 2009a) . Daly (1947) was the first to suggest that the Vredefort crater in South Africa was the result of a meteorite impact, but this hypothesis only became accepted after the discovery of pseudotachylites (Reimold, 1995; Gibson et al., 1997a) , high-pressure phases like stishovite (Martini, 1978) , and shatter-cone features (Dietz, 1961) . It emerged as a classical example of a meteorite impact site (Gibson & Reimold, 2001 ). The impact has been dated at 2.0 Ga (Gibson et al., 1997b) . Maximum shock pressures are estimated at 20-50 GPa (Leroux et al., 1994) . The sample of quartzite used in this study is from Weltevrede farm, between Parys and Sasolburg, in Kromellenboogspruit, about 30 km NE of the Vredefort impact center. In this rock, Martini (1978 Martini ( , 1991 discovered small amounts of coesite and stishovite, as well as planar deformation features in quartz that are typical for shock deformation. The average grain size of quartz is 0.3-0.5 mm.
Dauphiné twinning: EBSD measurements
In a previous study we investigated preferred orientation in a bulk sample of Vredefort quartzite with neutron diffraction and observed that, while the orientation of c-and a-axes was random, rhombohedral planes such as f2021g and f0221g displayed distinct and different orientation patterns (Wenk et al., 2005) . It was surmised that this orientation was produced by mechanical twinning by the shock wave generated during the meteor impact. It has long been established that quartz crystals subjected to high stress undergo mechanical Dauphiné twinning (Zinserling & Schubnikov, 1933; Wooster et al., 1947) . During twinning, only a slight displacive rearrangement of atoms occurs, without any breakage of bonds or permanent macroscopic strain. However, the change in crystallographic orientation is profound. It corresponds to a twofold rotation about the c-axis and reverses positive and negative rhombs. In terms of elastic properties, the pole to the positive rhomb f2021g is close to the softest direction of quartz, and that of the negative rhomb f0221g close to the stiffest direction. In experiments it was observed that at differential compressive stresses above 100 MPa, crystals with negative rhombs perpendicular to the compression direction become reoriented by Dauphiné twinning in a way that the positive unit rhomb f2021g aligns perpendicular to compression (Tullis & Tullis, 1972; Wenk et al., 2007a) . While the preferred orientation pattern suggests twinning, actual twins were never observed.
Here we returned to the same sample studied by neutron diffraction to investigate the surface structure of the quartzite with the SEM. It is apparent from the contrast in backscatter electron images that quartz grains are subdivided into domains with boundaries of 120 angles (Fig. 1 ). Detailed EBSD scans over individual grains confirm that the boundaries are Dauphiné twin boundaries, i.e. both domains share c-axes and a-axes but are related by a 180 rotation about the c-axis. In terms of Bunge Euler angles that define the crystal orientation relative to the sample f 1 and È specify the orientation of the c-axis. They are insensitive to Dauphiné twins. On the other hand, f 2 is a measure of the crystal rotation about the c-axis, and maps of f 2 display Dauphiné twins (Fig. 2a, , then cut by a diamond saw and ground, with SiC and Al 2 O 3 abrasives, to a 30 mm thick thin section. In the thin section grains were identified which display planar deformation features with optical microscopy (Fig. 3) . These grains have c-axes at low angles to the sample surface (''flash figures''). The thin-sectioned sample was then removed from the glass slide and mounted on an Al holder with a 1 cm hole across the region of interest of the thin section.
Several grains were analyzed and results were similar. We only report here data for a single grain which shows planar deformation features (PDFs) in good contrast (Fig. 3) . The PDFs in the grain were almost perpendicular to the sample surface. The synchrotron X-ray Laue microdiffraction experiment was carried out at Beamline 12.3.2 of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (Kunz et al., 2009b) . A polychromatic X-ray beam was focused to $ 1 Â 1 mm 2 by a pair of 
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K. Chen, M. Kunz, N. Tamura, H.-R. Wenk Kirkpatrick-Baez (KB) mirrors. The sample was mounted on a high-resolution x-y scan stage and positioned at the focal point of the X-rays by assistance of a laser triangulation unit (Keyence LK-G152). The energy of the X-ray ranged from 4 to 22 keV. The diffraction experiment was conducted in transmission mode. In this mode a two-dimensional (2D) X-ray MARCCD detector was mounted with its centre at 2y of 55 as shown in Fig. 4a . The CCD has a 133 mm diameter and 1024 Â 1024 pixel resolution. The diffraction geometries, including the distance from the CCD ($78 cm) to the sample, the centre position of the CCD, and the CCD tilt angles, were carefully calibrated by indexing a diffraction pattern of a strain-free Si sample. A 20 mm Â 20 mm area on the selected grain was raster scanned using 0.5 mm step size. The scanned area is indicated by the black square in Fig. 3 . Since the crystal grain size in our sample was much bigger than the X-ray beam size, the white X-ray beam generated a single-crystal Laue diffraction pattern at each position where the X-ray interacted with the sample. An example for a Laue diffraction pattern in transmission mode from the Vredefort quartz is shown in Fig. 4b . Miller indices are shown for some of the reflections. Conventionally the CCD detector is positioned at a high 2y angle and samples are analyzed in reflection mode to get better strain resolution. Transmission mode was employed in this study rather than reflection mode because it is easier to identify the PDFs when they are perpendicular to the sample surface while parallel to the incoming X-ray beam. In reflection mode the incident Xray beam penetrates more than one lamella at each scanning spot, so that any features created by lamellae are smeared out. This also leads to many difficulties and failures in indexing the diffraction patterns.
Data analysis
All 1600 diffraction patterns were indexed by a custom written software package (XMAS, Tamura et al., 2003) , which allowed mapping the grain orientation, strain/stress tensor, and plastic deformation of the scanned area.
Diffraction peaks are detected based on a user-defined peak to background threshold. The positions on the CCD (x-pixel and y-pixel) as well as width of each individual diffraction peak were determined by fitting intensity (I) using a 2D Lorentzian function (Equation (6.6), p. 168, Noyan & Cohen, 1987) . Note that the quantitative interpretation of these intensities, affected by numerous artefacts specific to white-beam experiments, is not straightforward and no attempt was made in this study to include any intensity information in the analysis. In some of the diffraction patterns, splitting of the diffraction peaks was observed, indicating that sub-grains with slightly different orientations, separated by low-angle grain boundaries, were contained in the diffraction volume (Fig. 4b) . In such cases, the strongest set of diffraction peaks, corresponding to the sub-grain with largest volume, was analyzed, as indicated by the square in the insertion of Fig. 4b . Grain orientation was indexed by fitting the position of the Laue diffraction peaks based on the lattice parameters of unstrained quartz and trigonal symmetry (a ¼ 4.921 Å , c ¼ 5.4163 Å , space group P3 1 21; Glinnemann et al., 1992) . We realize that reported lattice parameters of natural quartz crystals vary sufficiently to influence deduced strain values. In the present case, the observed strain values, however, are much larger than the effect from variable reference parameters. In order for a straightforward representation of crystal orientations, a set of laboratory coordinates is defined in the following way: Z-axis is normal to the sample plane; the sample surface plane is thus the X-Y plane perpendicular to the X-ray beam. X is horizontal and Y is vertical. The X-Y-Z coordinates in transmission mode are shown in Fig It is worth emphasizing that the indexing algorithm does not take diffraction intensities into account and thus treats trigonal quartz as hexagonal, so that positive rhombs fh0hlg cannot be distinguished from negative rhombs f0hhlg, i.e. a 60 orientation ambiguity exists. It is therefore not possible to use this method to identify Dauphiné twins.
By comparing the angles between experimentally measured diffraction peak positions with the theoretically calculated ones derived from unstrained hexagonal lattice parameters, orientation, as well as lattice parameters for a distorted triclinic cell, were refined by using least squares fitting, and a strain tensor was obtained for each position where a Laue pattern was acquired by comparing the orientation matrices before and after strain refinement (Pavese, 2005) . The algorithm described by Pavese was further simplified, especially for non-orthogonal crystal structures, compared to the one used in old version of XMAS (Chung & Ice, 1999) . Since only polychromatic Laue diffraction patterns were collected, no information about lattice volume and thus hydrostatic strain could be obtained in this study. Based on previous optimizations of Evidence for high stress in Vredefort quartzexperimental conditions, we can safely assume that if the calculated positions of more than 20 diffraction peaks on the detector were less than 0.2 pixel from the measured peak positions, the pattern was indexed successfully; otherwise this pattern was rejected.
The strain tensor obtained using this method is a deviatoric strain. Negative values refer to compression, positive values to tension. The magnitude of the deviatoric strain was estimated by ''equivalent strain'' (Liu, 2005) , which is described as Equation (1): 
where e ij (i, j ¼ 1-3) are the components of a strain tensor. Note that it depends on all components of the deviatoric strain tensor.
The six tensor components defining shape and orientation of a strain tensor can be visualized as a strain ellipsoid relative to an arbitrary sample coordinate system. A deviatoric strain tensor can be represented in a polar coordinate system with a spherical projection (Fig. 5a ), in which e zz is at the centre, e xx along the horizontal axis, e yy along the vertical axis, and the gray scale indicates the magnitude of the strain value in certain direction. For example, the deviatoric strain tensor at the position where the arrow is pointing in Fig. 7 (e xx ) is expressed by a symmetric 3 Â 3 matrix in laboratory coordinates (Equation (2) By plotting it in the polar coordinate system (Fig. 5a ) with subroutine VELO in BEARTEX (Wenk et al., 1998) , we found the highest tensile strain, þ0.79 Â 10
À3
, is applied in the direction 102 , 47 , 45 with respect to x-, y-, and z-axis, respectively. Perpendicular to this direction we find almost uniform compressive deviatoric strain. The strongest value (À0.46 Â 10
) is found roughly within the y-z plane, 45 oblique to z-direction towards Ày-axis. The representation illustrates that it is difficult to visualize the strain ellipsoid intuitively from individual tensor components and, for a better understanding, a three-dimensional picture is required. The equivalent strain value of this distortion is 0.79 Â 10 À3 (Equation (1)). In order to study the resolution limit of the technique, a scan was made on a sample of a synthetic quartz single crystal. We assume this hydrothermally grown crystal to be completely strain free, so that the sample itself was taken as a standard to refine experimental parameters. Another advantage of using the synthetic quartz as a calibration standard is that the error of strain measurement due to the uncertainty of reference lattice parameters is effectively reduced. The equivalent strain observed in the synthetic quartz is ,0.1 Â 10
. Ideally the stress tensor can be calculated, when knowing the strain tensor in lattice coordinates and the respective stiffness constants, by applying Hooke's law s ij ¼ c ijkl Á e kl . However, for this case the strain tensor in lattice coordinates could not be determined unequivocally because of the 60 ambiguity of orientation indexing by using the hexagonal setting of the trigonal quartz lattice. Furthermore, because the stiffness constant of quartz differs significantly between <2021> and <0221> directions, the stress tensor could not be derived by applying Hooke's law. Therefore, in this report, residual stress was estimated by multiplying equivalent strain by the isotropic Young's modulus.
The peak width is determined by instrumental broadening, X-ray beam penetration, grain size, geometrically necessary dislocations (GND) and geometrically necessary boundary (GNB) densities (Barabash et al., 2002 (Barabash et al., , 2004 Valek et al., 2003) . It has an influence on the precision of the peak position fitting, and thus orientation indexing and strain measurement. For this specific study of a thin-sectioned sample, peak broadening is controlled by the GNDs and GNBs, i.e. plastic deformation of the sample. The spatial resolution of this technique is given by the scan step size (0.5 mm). The orientation-and strain resolutions were about 0.01 and 10 À4 s.u., respectively (Tamura et al., 2009) . Peaks are fitted with Lorentzian functions in 2D and the two main axes are extracted. For the average peak width we use an average of large axes over all indexed reflections.
Results
The orientation map of the scanned area of the Vredefort sample is shown in Fig. 6a . The white squares in the maps are caused by the failure of indexing the corresponding diffraction pattern. Figure 6a shows the angle between the crystal c-axis and the z-axis of the laboratory coordinates (i.e., the normal to the sample plane). Values close to 90 confirm that the c-axis is roughly within the sample plane. Figure 6b displays the angle between the crystal a-axis and the y-axis of the laboratory coordinates. More detailed information demonstrates that the projection of the c-axis onto the x-y plane lies within 5 off the x-axis, while the <10 " 10> or <01 " 10> direction is less than 10 oblique to the z-axis and the in-plane orientation distribution is about 5 within the scanned region.
These orientation maps allow identifying deformation features as oblique lamellae (dashed lines in Fig. 6b) . Most of the unindexed spots appear close to the lamellar boundaries, i.e. regions where domains are plastically deformed. This causes the diffraction peaks to be highly streaked which in turn makes them inaccessible to indexing.
The planar deformation features (dashed lines in Fig. 6b ) are inclined relative to the y-axis by about 25
. Assuming the PDFs to be perpendicular to the sample surface, i.e. the z-axis lies more or less in the PDF, the normal to the plane can be written in x-y-z coordinates as a vector p ¼ [À1, tan 25
, 0] T , and T stands for transpose here. The Miller indices (hkil) of the planar features can be calculated by applying the equation:
where M is the 3 Â 3 orientation matrix of the quartz lattice as described in the previous section, p is the normal to the PDFs in x-y-z coordinates, and vector h PDF represents the Miller indices for the PDFs (h PDF ¼ [h, k, l] T ) in reciprocal crystal lattice units.
As expected for a single crystal, the crystal orientation in the raster scanned region remained almost constant. The deformation lamellae can thus be indexed approximately parallel to f10 " 13g or f01 " 13g when applying an average orientation matrix to Equation (3) (positive and negative rhombs can not be distinguished with this method, since diffraction peak intensities are not taken into account). This result agrees with previous observations in shocked quartz (e.g., Vernooij & Langenhorst, 2005; Trepmann & Spray, 2006) . Vernooij & Langenhorst reported the observation of three different PDF features, including rhombohedral planes, f1013g and f1013g, and prismatic planes f1010g. Two types of PDFs were described in the Charlevoix impact structure by Trepmann & Spray (2006) . Type one consisted mainly of rhombohedral planes, including both f1013g and f0113g planes, while type two was detected as basal PDFs (0001).
The indexing of the PDF is confirmed by plotting the ð0113Þ onto a spherical projection. As shown in Fig. 6c , the pole of ð0113Þ of this orientation is within the x-y plane and about 24.5 with respect to x-axis, which matches the observation that the planar features are normal to the sample plane and about 25 oblique to the y-axis. Figure 7 shows maps for the six individual strain components of the Vredefort sample. Again, white spots in the maps indicate that spots failed to be indexed correctly. We assign negative and positive signs to represent compressive and tensile strains, respectively. In general, the residual strains are in the order of several thousand microstrains. High shear strain is observed close to the lamellar boundaries, which we attribute to the mechanism that formed the lamellae, even though the strain component magnitude strongly depends on selection of coordinates. Figure 8a shows the equivalent strain distribution in the Vredefort sample. Based on the definition, equivalent strain is always positive. Generally the equivalent strain level in this sample is about 1.5 Â 10
À3
. High equivalent strain values are observed at the lamellar boundaries (light) compared to the equivalent strain inside the lamellae (dark). The histogram of equivalent strain, with the most frequent value at 1400 microstrain, is displayed in Fig. 8b . By applying Hooke's law, s ¼ C Á e, where C is Young's modulus and e is equivalent strain, residual stress s is estimated. As C, we took the average value, 59.4 GPa (Pincus, 1996) in our calculation. The histogram of residual stress distribution is displayed in Fig. 8c . The distribution maximum is at 90 MPa and FWHM is about 100 MPa.
Evidence for elastic strain is documented in lattice distortion as described above. There is also plastic strain and a measure of plastic deformation is the diffraction peak width and peak shape. Peak width has been employed for plasticity studies for decades (Morosin & Graham, 1984 , 1985 Ungár et al., 1984 Ungár et al., , 1998 Ungár et al., , 2001 ). The distribution map of peak width, as described in Section 3.2, is plotted in Fig. 9a . For each diffraction pattern, the peak width is defined to be the average width of all the peaks that are indexed. The average peak width at the bottom centre of the scanned area, corresponding to high equivalent strain, is broadened, indicating highly plastic deformation in this region, while to the right side of the bottom of the map, the peaks are much sharper, showing that the center of the deformation lamella is much less deformed. The results are also summarized in a histogram (Fig. 9b) . Diffraction peaks from the Vredefort sample are generally broad and peak widths show large variations, indicating the GND densities in the Vredefort sample are high and spatially non-uniform. More detailed observation shows that in some patterns the diffraction peaks are not only elongated but also split, indicating that subgrain boundaries are formed because of the realignment of the dislocations that have the same sign (Fig. 4b ). An example of a typical pattern in the vicinity of the lamellar boundary is shown in Fig. 10a . A detail of a single peak, shown in the insertion of Fig. 10a , indicates that the diffraction peaks are not only streaked but also split. The scheme in Fig. 10b shows how grain bending and subgrain are formed due to formation and alignment of GNDs. By comparing the peak streaking directions with the simulated results by using XMAS as described previously by Chen et al. (2008) , the dislocation line direction is out of the (0001) plane, in agreement with the model proposed by Vernooij & Langenhorst (2005) . Assuming a Burgers vector 1=3<1120> (Vernooij & Langenhorst, 2005 ) and a grain size of 0.4 mm, the dislocation density can be calculated by measuring the peak streaking angle and applying the CahnNye relation r ¼ ð1=RbÞ (Cahn, 1949; Nye, 1953) , where r is dislocation density, R is the bending radius of a crystal grain, b is the length of the Burgers vector. In our example, the grain is bent by about 5 around c-axis in a 20 mm range and thus the bending radius is estimated to be about 200 mm. The Burgers vector is calculated to be 2.8 Å , resulting in a dislocation density of 2 Â 10 9 /cm 2 , which is the same as that reported by Vernooij & Langenhorst (2005) , based on direct TEM observations.
Discussion
The results on Vredefort quartz confirm the presence of microstructural features indicative of strong deformation. (Wenk et al., 2005) and documented from other impact sites (Trepmann & Spray, 2005; Trepmann, 2008) . In metamorphic quartz rocks such twin boundaries are rare (e.g., McLaren & Hobbs, 1972; Liddell et al., 1976; Knipe, 1990; Wang et al., 1993; Wenk et al., 2007b) and crystals have either never twinned, or twinning has gone to completion, i.e. the crystal is completely reoriented. Laue microbeam diffraction suggests preservation of significant residual stress of 40-140 MPa. This is remarkable, considering the Precambrian age of the Vredefort impact. But we should keep in mind that also highly metastable phases like coesite and stishovite survived in this same sample. This can be compared with residual stress observed in other materials. In copper stress ,50 MPa was reported by Poulsen et al. (2001) with the technique of three-dimensional X-ray diffraction. Much higher stress (about 3 GPa) was detected in metal nitride coatings with high energy X-ray diffraction (Almer et al., 2003) . Daymond et al. (2000) measured high macroscopic stress in rolled austenitic steel (up to 1400 MPa) using neutron diffraction. Laue patterns are indicative of residual elastic strain as well as plastic strain. The direction and magnitude of distorted peaks allows deducing the dislocation line direction and density. We find a value of 2 Â 10 9 / cm 2 , assuming a Burgers vector of 1=3<1120>. Our data can be compared with an experiment on a quartz grain in weakly deformed granite (Kunz et al., 2009a) , which has been investigated using the same technique but in reflection mode. In the previous study only equivalent strains were mapped, rather than strain tensor components and this proved to be somewhat misleading because in reflection geometry the strain component e yz is very sensitive to alignment errors. Originally the diffraction geometry was calibrated using a thin Si crystal. Recalibration using quartz itself as a calibrant reduced the magnitude of e yz significantly and thus lowered the values for equivalent strain, compared to the values reported by Kunz et al. (2009a) . The deviatoric lattice strain components in the granite sample shown in Fig. 11a -f are about one half of the values of the Vredefort sample. The outof-plane normal strain (e zz ) of the deformed granite sample is found to be significantly smaller compared to the in-plane normal strains (e xx and e yy ) due to the fact that the small elastic strain was greatly relaxed by cutting the free sample surface. e xx is negatively related to e yy because only the deviatoric strain tensor is obtained from the Laue diffraction technique and lattice volume is assumed to be kept constant. Looking at the 3D strain tensor in granite for a typical spot (arrow) we find that indeed the strain ellipsoid is more or less aligned with the sample axes, which were chosen according to macroscopic structural elements (Fig. 5b) . Component e xx , indicative of extension, is parallel to the lineation in this sample, whereas component e yy , indicative of compression, is perpendicular to the foliation. All other components are relatively small. This pattern is quite different from Vredefort (Fig. 7) where diagonal as well as non-diagonal components display large variations and suggest that shear parallel to lamellar boundaries played a significant role. However, keep in mind that the coordinate system xyz, on which the tensor components are based, is arbitrary. In this paper we use the sample coordinate system related to surface and translations. It is important to look at all components of the strain tensor, i.e. normal and ''shear'' components to assess the true strain (Fig. 5) . A bulk measure for the magnitude of the strain is the ''equivalent strain'' Equation (1). The equivalent strains of the synthetic quartz, granite, and Vredefort samples are summarized in the histogram in Fig. 12a . The equivalent strain in the deformed granite has a distribution with a maximum at 0.5 Â 10 À3 and the distribution width is about 0.3 Â 10
À3
, which is much narrower than the Vredefort sample. It corresponds to an equivalent stress of 18 MPa (note this is lower than previously reported by Kunz et al., 2009a due to a different calibration and the sensitivity of the diagonal component e yz on the calibration). The average equivalent strain in the Vredefort sample was about 1.5 Â 10
; the distribution peak is at 1.3 Â 10 À3 and the distribution width is about 0.9 Â 10 À3 FWHM, which is significantly higher and more scattered compared to the granite sample. The correlation of the peak width (and thus plastic strain) with equivalent strain is not very strong. We attribute this to a larger scatter in the determination of the peak positions (and thus strain) in cases where the plastic strain is large and the Fig. 11 . Map of strain components in quartz from deformed granite: e xx , e xy , e xz , e yy , e yz , and e zz . This sample was measured in reflection mode and diffraction geometry was calibrated internally. Fig. 12 . Distributions of (a) equivalent strain and (b) diffraction peak widths on synthetic quartz single crystal, quartz in granite, and quartz in the Vredefort sample.
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K. Chen, M. Kunz, N. Tamura, H.-R. Wenk peaks streaked. Furthermore, plastic deformation as expressed in peak streaking, partly releases elastic strain.
Conclusions
In our study we have documented mechanical Dauphiné twins as well as high residual deviatoric strains, especially close to the lamellar boundaries, in quartz from the Vredefort impact site. Using synchrotron X-ray Laue microdiffraction, high orientation and strain resolutions are obtained with high spatial resolution. The equivalent strain in the Vredefort sample is about three times higher than in a deformed granite sample. The residual stress of 100 MPa in the Vredefort sample is calculated by applying Hooke's law on equivalent strain and Young's modulus. The method has promise in recording residual stress in naturally deformed rocks that can then be used for quantifying the deformation history.
